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Abstract 
Polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbon (PAHs) belong to the two groups of the persistent 
organic pollutants (POPs). Since their low-water solubility, sludge became the huge reservoir and potential secondary source of 
PCBs and PAHs. An analysis method of PCBs and PAHs in sludge dredged from a serious typical eutrophic lake was improved. 
The analysis process was consisted of the accelerated solvent extraction (ASE), solid phase extraction (SPE) and gas 
chromatography-mass spectrometry Triple Quad (GC-MS-MS). The ASE procedures were performed by optimizing three key 
process factors, such as extraction solvent, extraction temperature and holding time. For SPE, various parameters, such as SPE 
phase cartridge and elution solvent, were investigated. The method achieved good repeatability and reproducibility with relative 
standard deviations (RSDs) less than 12% for PCBs and PAHs in sludge. The established method was successfully applied to the 
analysis of PCBs and PAHs in the sludge dredged from Lake Dianchi as a serious typical eutrophic lake in China. The 
concentration levels of ΣPCBs and ΣPAHs were up to 80 and 11070 ng g-1 dry weight. The dominating compositions of PCBs 
were TetraCB, TriCB, HexaCB and PentaCB, whereas the high molecular weight 4, 5 and 6 rings of PAHs were the main 
compounds. The study can provide more comprehensive and fundamental technology and data for risk assessment of PCBs and 
PAHs in sludge of eutrophic lake. 
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1. Introduction 
Polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbon (PAHs) belong to the group of the 
persistent organic pollutants (POPs)1-4. The class of compounds was widely used as dielectric fluids in capacitors 
and transformers, surface coatings for carbonless copy paper, additives in paints and pesticides, plasticizers in 
sealant, caulking and paint, and flame retardant in lubricating oils5-8. The studies reported that the total production of 
the commercial PCBs was approximately 1.3 million tons9-12. However, the amount produced in the 1960s and 
1970s of China was 10,000 tons13-16. Unfortunately, there is still no regulation to restrict the production and 
application of PCBs until 1980s due to their highly toxic and carcinogenic properties for organisms17,18. Since their 
low-water solubility, sludge became the huge reservoir and potential secondary source of PCBs and PAHs18,19. Most 
of PAHs in environments are associated with the anthropogenic activities, hence, human production and living 
activities are generally considered to the major sources of the compounds (e.g., combustion of fossil fuel, vehicle 
emissions and power generation, municipal and industrial waste incineration, petroleum transportation etc.)20,21. 
Lake Dianchi is the sixth largest freshwater lake in China. It plays an extremely important role in the local socio-
economic development. With the rapid development of economy, urbanization, industrialization and agriculture in 
the valley, it has brought adverse influences on the aquatic environment. Therefore, the dredging project of Lake 
Dianchi carried out step by step. However, the researches on PCBs and PAHs in sludge dredged from the eutrophic 
lake were limited. The objective of this work was to develop and validate an efficient and reliable method based on 
ASE-SPE-GC-QqQ-MS-MS for the analysis of the twenty-eight PCB congeners and sixteen US EPA’s priority 
pollutants PAHs in sludge dredged from the eutrophic lake. Various technical conditions were investigated in order 
to achieve the highest recoveries for the analysis of PCBs and PAHs in samples. The research results would provide 
more comprehensive fundamental data for risk assessment and pollution control of PCBs and PAHs in sludge 
dredged from a serious eutrophic lake. 
2. Experimental 
2.1. Sampling 
Sludge samples were collected from Caohai section of Lake Dianchi, a serious eutrophic lake. They were placed 
in the solvent-washed brown glass which have been pyrolyzed at 400 ºC for 6 h, and then kept at -40 ºC until 
analysis. Sludge samples were freeze-dried (Eyela FDU-1200, Japan) for 4 days before they were homogenized. 
Sludge was extracted by using an accelerated solvent extractor (ASE-200, Dionex, USA). 
2.2. Sample pretreatment 
10.0 g of samples, 2.0 g of diatomite and 2.0 g of anhydrous sodium sulfate were mixed, and then transferred into 
22 mL lined extraction vessels. The surrogates (1, 4-dichlorobenzene-d4, naphthalene-d8, phenanthrene-d10 
chrysene-d12, perylene-d12 and decafluorobiphenyl) were added into each sample to monitor method performance. 
The samples were extracted by using a mixture of hexane/acetone (1:1, v/v) at 1500 psi and 90 ºC for 6 min of static 
extraction. The extracts were concentrated to 1.0 mL under a gentle flow of nitrogen. For elimination of impurities, 
the extracts were passed through the Silica gel-Florisil composite columns (sequentially filled with 1.0 g florisil, 0.7 
g activated silica gel and 1.0 g anhydrous sodium from bottom to top). Those cartridges were conditioned with 7.0 
mL hexane. The target compounds were eluted with 17.0 mL mixture of hexane/acetone (19:1, v/v), and then were 
finally concentrated to 1.0 mL under a flow of nitrogen for analysis. 
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2.3. Instrumental analysis 
PCBs and PAHs identification and quantification were performed by an Agilent 7890 Gas Chromatograph 
coupled with Agilent 7000 GC/MS Triple Quad, Agilent 7693 Auto Sampler and DB-5 fused silica capillary column 
(30 mൈ0.25 mmൈ0.25 μm). Electron impact ionization energy was 70 eV. A sample volume of 1 µL was injected 
in splitless mode at an inlet temperature of 280 ºC. The column temperature was programmed as follows: at 50ºC for 
3 min, from 50 ºC to 150ºC at 25ºC min-1 and at 150 ºC isothermal for 3 min, from 150ºC to 240ºC at 6ºC min-1 and 
240 ºC isothermal for 5 min, from 240 ºC to 280ºC at 16ºC min-1, and then held for10 min. The ion source 
temperature was 280 ºC. The carrier gas was helium (99.999%) with a constant flow rate of 1 mL min-1.The 
acquisition mode was multiple reaction monitor (MRM) with 2 parent/product ion transitions being monitored for 
quantification and quality analysis. 
Table 1 GC-QqQ-MS/MS parameters for PCBs and PAHs analysis 
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1,4-Dcb 6.841 150.0 78.2 38 CB114 24.895 325.7 255.7 37 
Dfb 7.618 333.90 315.5 48 CB153 25.247 359.8 269.7 32 
Nap2d8 8.307 136.2 108.0 40 CB105 25.387 325.7 253.7 35 
Na 8.332 128.0 102.1 40 CB138 26.202 359.7 289.6 30 
Acy 11.732 151.9 150.0 60 CB126 26.532 325.8 255.7 38 
Ace2d10 12.190 164.0 164.0 0 CB187 26.831 393.6 323.6 35 
Ace  12.280 153 150.1 60 CB128 
27.278 
359.7 289.7 35 
Flu 13.900 165.9 163.0 30 CB167 359.7 289.7 35 
Tc-m-x 14.505 
243.8 208.9 25 BaA 27.866 228 226 30 
206.8 136.0 30 Chr2d12 27.954 240.1 240.1 0 
CB8 15.846 222.0 152.1 35 Chrys 28.088 228 226 30 
Phe2d10 17.185 188.1 184 30 CB156 28.276 359.7 289.6 35 
Ph 17.263 177.9 150 30 CB157 28.552 359.7 289.6 38 
An 17.428 177.9 128 40 CB180 29.079 393.5 323.5 35 
CB18 18.785 255.9 186.0 35 CB169 30.180 329.8 289.5 40 
CB28 19.895 255.8 186.0 35 CB170 30.626 393.7 323.5 40 
CB52 20.556 291.8 219.9 35 CB189 31.760 395.6 325.4 35 
Fl 21.774 202.0 200.1 60 CB195 32.245 429.6 359.4 35 
CB44 21.908 291.8 220.0 35 BbF 33.296 252.0 250.0 30 
Pyr 22.582 202.0 200.1 60 BkF 33.386 252.0 250.0 30 
CB66 22.893 291.8 222.0 35 CB206 33.888 463.5 393.5 40 
CB101 23.467 325.7 255.7 35 BaP 34.678 252.0 224.0 50 
CB81 23.772 291.8 222 37 Per2d12 34.779 264.1 236 30 
CB77 24.481 291.8 222 36 CB209 34.860 497.6 427.4 35 
CB123 
24.553 
325.7 255.7 35 IP 39.638 275.9 249.0 60 
CB118 325.7 255.7 35 DBanA 39.938 278.0 250.0 60 
CB114 24.895 325.7 255.7 37 BghiP 41.040 275.9 274.0 60 
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1.1,4-Dichlorobenzene D4; 2.Perfluorobiphenyl; 3.Nap2d8; 4.Na; 5. Acy; 6.Ace2d10; 7. Ace; 8.Flu; 9.Tc-m-x; 10.CB8; 
11.Phe2d10; 12.Ph; 13.An; 14.CB18; 15.CB28; 16.CB52; 17.Fl; 18.CB44; 19.Pyr; 20.CB66; 21.CB101; 22.CB81; 23.CB77; 
24.CB123+118; 25.CB114; 26.CB153; 27.CB105; 28.CB138; 29.CB126; 30.CB187; 31.CB128+167; 32.BaA; 33.Chr2d12; 
34.Chrys; 35.CB156; 36.CB157; 37.CB180; 38.CB169; 39.CB170; 40.CB189; 41.CB195; 42.BbF; 43.BkF; 44.CB66; 45.BaP; 
46.Per2d12; 47.CB209; 48.IP; 49.dBanA; 50.BghiP 
Fig. 1 Full scan chromatograms of the mixed standard solution of 28 PCBs (20 μg/mL), 16 PAHs (100 μg/mL), 
internal standards and surrogate standards 
Internal standards of PAHs: Nap2d8, Ace2d10, Phe2d10, Chr2d12 and Per2d12; internal standard of PCBs: Tc-m-x. 
2.4. Quality assurance and quality control 
All data generated from the analysis were subject to strict quality assurance and control measures. For each 
analytical batch of samples, reagent blanks, procedural blanks, spiked blanks and triplicate spiked matrices were 
conducted under the same process. The linear coefficient (R2), limit of detection (LOD) and limit of quantitation 
(LOQ) of the target compounds were evaluated. Samples were all analyzed in triplicate with relative standard 
deviations (RSDs) less than 12%. The recoveries of individual PCB and PAHs compounds and the surrogates in all 
samples were investigated, respectively. 
Table 2 The correlation coefficient, LOD and LOQ of target compounds of target compounds 
compound R2 LOD (ng/g) LOQ (ng/g) compound R2 LOD (ng/g) LOQ (ng/g) 
Na 0.9998 0.07 0.24 PCB138 0.9999 0.002 0.006 
Acy 0.9974 0.13 0.40 PCB126 0.9992 0.008 0.03 
Ace 0.9999 0.12 0.35 PCB187 0.9999 0.002 0.006 
Flu 0.9995 0.12 0.35 PCB128 0.9996 0.001 0.003 
PCB8 0.9999 0.001 0.003 PCB167 0.9996 0.001 0.003 
Ph 0.9996 0.89 3.33 BaA 0.9981 0.23 0.78 
An 0.9942 0.89 3.33 Chrys 0.9969 0.37 1.23 
PCB18 0.9999 0.02 0.05 PCB156 0.9997 0.02 0.06 
PCB28 0.9999 0.002 0.006 PCB157 0.9997 0.002 0.006 
PCB52 0.9999 0.003 0.009 PCB180 0.9999 0.002 0.006 
PCB44 0.9999 0.003 0.01 PCB169 0.9987 0.002 0.006 
Fl 0.9939 0.07 0.24 PCB170 0.9998 0.002 0.006 
Pyr 0.9993 0.31 1.02 PCB189 0.9997 0.004 0.01 
PCB66 0.9998 0.03 0.08 PCB195 0.9999 0.004 0.01 
PCB101 0.9999 0.03 0.08 BbF 0.9971 0.12 0.42 
A
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PCB81 0.9996 0.02 0.05 BkF 0.9997 0.13 0.43 
PCB77 0.9992 0.002 0.007 PCB206 0.9999 0.008 0.025 
PCB123 0.9998 0.002 0.006 BaP 0.9969 0.12 0.39 
PCB118 0.9998 0.002 0.006 PCB209 0.9999 0.08 0.25 
PCB114 0.9998 0.006 0.02 IP 0.9978 0.45 1.67 
PCB153 0.9999 0.002 0.006 dBanA 0.9959 0.12 0.35 
PCB105 0.9995 0.005 0.02 BghiP 0.9982 0.45 1.50 
 
Table 3 The average recoveries and RSD of PCBs and PAHs in sludge dredged from the eutrophic lake 
compound Recovery (%) RSD (%) compound Recovery (%) RSD (%) 
Na 70.4 11.8 PCB138 116.2 1.5 
Acy 71.7 4.2 PCB126 125.4 1.7 
Ace 76.1 3.5 PCB187 113.5 1.1 
Flu 81.0 1.1 PCB128 116.0 1.2 
PCB8 96.4 2.4 PCB167 116.0 1.2 
Ph 100.0 5.1 BaA 112.2 4.4 
An 100.8 1.6 Chrys 119.6 4.2 
PCB18 95.6 2.2 PCB156 119.7 1.4 
PCB28 109.3 1.9 PCB157 120.0 1.4 
PCB52 108.9 1.8 PCB180 117.1 0.9 
PCB44 112.0 1.8 PCB169 125.7 1.6 
Fl 88.9 4.6 PCB170 121.6 1.5 
Pyr 90.0 4.1 PCB189 125.0 2.0 
PCB66 116.5 1.0 PCB195 121.1 1.7 
PCB101 109.9 1.2 BbF 117.8 8.5 
PCB81 124.3 1.6 BkF 110.3 2.7 
PCB77 111.6 6.4 PCB206 124.8 0.7 
PCB123 122.9 1.3 BaP 124.3 6.7 
PCB118 122.9 1.3 PCB209 119.5 0.9 
PCB114 117.3 1.4 IP 122.4 11.6 
PCB153 111.5 1.2 dBanA 123.3 11.9 
PCB105 119.8 1.5 BghiP 124.7 5.9 
 
2.5. Statistical analysis 
The correlations (r and p value) between the chlorinated compound concentration and eutrophic parameter were 
performed using IBM SPSS (Statistical Product and Service Solutions) Statistics, 5 Version 20.0. Differences are 
considered to be significant if p<0.05. 
3. Analysis of environmental samples 
The improved method was successfully applied to the analysis of PCBs and PAHs in the sludge dredged from 
Caohai section of Lake Dianchi, a serious typical eutrophic lake in China. PCBs and PAHs were found ubiquitously 
in the environment. The concentration levels of ΣPCBs and ΣPAHs were up to 80 and 11070 ng g-1 dry weight. The 
dominating compositions of PCBs were TetraCB, TriCB, HexaCB and PentaCB, whereas the high molecular 
weight 4, 5 and 6 rings of PAHs were the main compounds. The eutrophic parameters including the total organic 
carbon (TOC), total phosphorus (TP) and total nitrogen (TN) were widely used to indicate eutrophication degree. 
The relationships between the chlorinated compounds and eutrophic parameters were evaluated. Obviously, TOC 
had significant positive correlations with PAHs (r>0.865, p<0.01) and PCBs (r>0.809, p<0.01). Moreover, the 
correlation factors decreased with the increasing of the number of ring. The chlorinated compounds (PAHs and 
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PCBs) had the positive correlation with TN (r>0.810, p<0.01) and TP (r>0.785, p<0.01). The above-mentioned 
results indicated that TOC, TN and TP could play important roles on the distribution, fate and behavior of PAHs and 
PCBs in the eutrophic lake. 
Compared with the data in other regions and countries, the concentrations of PAHs and PCBs were at their 
moderate levels. However, the high levels of PCBs and PAHs in the sludge collected from the certain areas could 
pose a potential risk to humans and aquatic organisms. The study can provide more comprehensive and fundamental 
technology and data for risk assessment of PCBs and PAHs in sludge of eutrophic lake.  
4. Conclusions 
The objective of this work was to develop and validate an efficient and reliable method based on ASE-SPE-GC-
QqQ-MS-MS for the analysis of the twenty-eight PCB congeners and sixteen US EPA’s priority pollutants PAHs in 
sludge dredged from the eutrophic lake. The integrated method was developed by optimizing the accelerated solvent 
extraction (ASE), solid phase extraction (SPE) and and GC-MS-MS. The ASE procedures were performed by using 
a mixture of hexane/acetone (1:1, v/v) at 1500 psi and 90 ºC for 6 min of static extraction. The extracts were passed 
through the Silica gel-Florisil composite columns in order to eliminate impurities. The method achieved good 
repeatability and reproducibility with RSDs less than 12% for PCBs and PAHs in sludge. The established method 
was successfully applied to the analysis of PCBs and PAHs in the sludge dredged from Lake Dianchi as a serious 
typical eutrophic lake in China. The eutrophic parameters (TOC, TN and TP) could play important roles on the 
distribution, fate and behavior of PAHs and PCBs in the eutrophic lake. Compared with the data in other regions and 
countries, the residue levels of PAHs and PCBs were at their moderate levels. The study provided a crucial 
fundamental technology for risk assessment of PCBs and PAHs in sludge of eutrophic lake. 
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